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Abstract
Background: Although the pathophysiology of cognitive decline is multifactorial, and modifiable by lifestyle, the
evidence for the role of diet on cognitive function is still accumulating, particularly the potentially preventive role of
constituents of plant-based foods.
Methods: We aimed to determine whether higher habitual intake of dietary flavonoids, key components of plant-
based diets, were associated with improved cognition and medial temporal lobe volumes using three
complementary approaches (longitudinal, cross-sectional and co-twin analyses). In 1126 female twins (n=224 with a
10-year follow-up of diet and cognition data) aged 18–89 years, habitual intakes of total flavonoids and seven
subclasses (flavanones, anthocyanins, flavan-3-ols, flavonols, flavones, polymeric flavonoids (and proanthocyanidins
separately)) were calculated using validated food frequency questionnaires. Cognition was assessed using the
Cambridge Neuropsychological Test Automated Battery test. Hippocampal volumes were measured in a subset
using magnetic resonance imaging (16 monozygotic-twin pairs). Statistical models were adjusted for a range of diet
and lifestyle factors.
Results: Higher intakes of flavanones (tertile (T)3-T1=0.45, 95%CI 0.13,0.77; p=0.01) and anthocyanins (T3-T1=0.45,
95%CI 0.08,0.81; p=0.02) were associated with improvements in age-related cognition score over 10 years. In cross-
sectional analysis higher intake of flavanones (T3-T1= 0.12, 95% CI 0.02, 0.21; p=0.02) and proanthocyanidins (T3-T1=
0.13, 95% CI 0.02, 0.24; p=0.02) were associated with improved paired-associates learning. Higher intake of
anthocyanins was significantly associated with improved executive function (T3-T1= −0.52, 95% CI 0.19, 0.84; p=
0.001) and with faster simple reaction times (T3-T1= −18.1, 95% CI −35.4, −0.7; p=0.04). In co-twin analysis, those
with higher anthocyanin (2.0%, p=0.01) and proanthocyanidin (2.0%, p=0.02) intakes at baseline had the largest left
hippocampal volumes after 12 years.
Conclusion: Small increases in habitual intake of flavonoid-rich foods (containing anthocyanins, flavanones and
proanthocyanidins; equivalent to approximately two servings of oranges and blueberries per day) over long time
periods have the potential to attenuate cognitive ageing.
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Background
There is increasing evidence that dietary flavonoids, part
of a diverse range of polyphenolic compounds present in
plant-based foods, may be beneficial for cognitive health.
In older adults, a higher habitual intake of berries was
associated with slower rates of cognitive decline, with
regular blueberry consumption delaying cognitive ageing
by 2.5 years [1]. Higher baseline total flavonoid intakes
were associated with reduced cognitive decline over 10
years [2] and improved executive function in adults with
mild to moderate Alzheimer’s disease [3]. In contrast,
total flavonoids were not associated with cognitive
change over 6 years in a Spanish prospective cohort
study [4]. Higher intakes of flavonols, anthocyanins and
flavonoid polymers were associated with a lower risk of
Alzheimer disease, and related dementias in the Fra-
mingham Offspring Cohort [5] and higher intakes of
flavan-3-ols, flavonols and anthocyanins were positively
associated with cognitive status, assessed using the Short
Portable Mental Status Questionnaire [6].
Mechanisms proposed for the neuroprotective effects
of dietary flavonoids and their downstream metabolites
include modulating neuronal signalling pathways associ-
ated with synaptic plasticity, reducing neuroinflamma-
tion and improving cerebrovascular blood flow with
particularly strong mechanistic evidence for the flavon-
oid sub-classes flavanols, anthocyanins and flavanones
[7, 8]. Many flavonoid metabolites can cross the blood-
brain barrier with recent evidence suggesting these me-
tabolites may also be a mediator of the microbiome-gut-
brain-axis [9]. In animal models, supplementing the diet
with blueberries increased levels of anthocyanin and
flavan-3-ol metabolites in the brain which were associ-
ated with enhanced spatial working memory via effects
on the ERK-CREB-BDNF neuronal signalling pathway
[10]. In healthy adults, cerebral blood flow was increased
following consumption of drinks high in flavan-3-ols
(494 mg) [11], anthocyanins (387 mg) [12] and flava-
nones (70.5 mg) [13].
Limited evidence from epidemiological studies suggests
that total flavonoid intake [2, 3] and berries [1] are associ-
ated with specific cognitive domains. In short-term human
intervention studies, intakes of berries [14, 15], cocoa
flavan-3-ols [16] and flavanone-rich orange juice [17] have
shown to exert beneficial effects on episodic memory, vis-
ual memory, executive function and psychomotor func-
tion, in addition to an attenuation of overall cognitive
decline. Short-term animal dietary interventions with
cocoa flavonols [18], blueberries [19] and anthocyanins
[20] also report improved regional hippocampal function
and hippocampus-dependent memory. On the basis of
this data, we hypothesised that higher intakes of flavonols,
flavan-3-ols, anthocyanins and flavanones would be asso-
ciated with improved cognition.
The aim of the current study was to explore, for the
first time, the associations between habitual intakes of
total flavonoids and a wide range of flavonoid subclasses
with biomarkers of cognition and brain volumes in a
cohort of healthy, female twins using longitudinal, cross-
sectional and co-twin data. Due to the variability in
biological availability, mechanisms of action and bio-
activity of the different flavonoid sub-classes (flavonols,
flavones, flavanones, flavan-3-ols, anthocyanins and
flavonoid polymers (proanthocyanidins and other poly-
mers)), we examined each subclass separately. Our
primary aim was to examine the associations between
10-year trajectories of intakes of these different flavonoid
subclasses and biomarkers of cognition. This novel twin
dataset allowed us to examine these associations inde-
pendently of genetic variation and residual environmen-
tal confounding. In a sub-study, we investigated novel
longitudinal associations between flavonoid sub-class in-
takes and medial temporal lobe structures.
Methods
Study population
Participants who were included in these analyses were
female twins who were enrolled in the TwinsUK registry,
which is a nationwide registry of UK adult twins who
were recruited from the general population [21]. This is
a female cohort as historically the study was predomin-
antly focused on diseases with a higher prevalence in fe-
males (osteoporosis and osteoarthritis). All participants
were unaware of the specific hypotheses being tested
and were not selected for particular diseases or traits.
All twin pairs were reared together. The participants
have been shown to be representative of the general fe-
male population in terms of disease-related characteris-
tics and dietary intake [22, 23]. The study was approved
by the St. Thomas’ Hospital Research Ethics committee,
and all subjects provided informed written consent.
In total, 5772 female twins completed at least one food
frequency questionnaire (FFQ) between 1999 and 2017,
of whom 17% (n = 999) were excluded for incomplete
records (10 food items left blank) or for having reported
an implausible energy intake (defined as the ratio of en-
ergy intake to estimated basal metabolic rate having
fallen 2 SDs from the population mean). Of these partic-
ipants, n = 1126 (n = 497 twin pairs, and n = 132 indi-
viduals without a co-twin) attended a clinical assessment
for cognitive testing at the same time and are included
in the cross-sectional analysis and n = 224 (n = 108 twin
pairs, and n = 8 individuals without a co-twin) com-
pleted a FFQ and attended a clinical assessment for cog-
nition in 1999 (aged 40–72 years) and again in 2009
(aged 50–81 years) and are included in the longitudinal
analysis. In sub-set analysis, 16 monozygotic twin pairs
(aged 42–69 years) who completed a FFQ in 1999 and
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attended for magnetic resonance imaging (MRI) 12 years
later in 2011–2012 were included, as previously de-
scribed [24] (Supplemental Figure 1).
Assessment of cognition and brain volumes
Cognition was measured using CANTAB (Cambridge
Neuropsychological Test Automated Battery) tests which
were combined using principal component analysis to
assess age-related change in global cognition; the full de-
tails of the tests and the generation of the composite
cognition score have been described previously [25]. The
CANTAB battery has been standardised among a pre-
dominately female cohort of older adults (55–80 years)
[26]. We selected the CANTAB tests that assessed the
cognitive domains considered to be sensitive to flavon-
oid intake in previous analysis and mechanistic studies
[14, 16]. These domains were episodic memory (paired-
associates learning, PAL), visual memory (delayed
matching to sample, DMS), executive function (intra/
extradimensional shift (IED)) and psychomotor function
(simple reaction time, SRT). Prior to completing the
CANTAB battery, participants underwent a motor-
screening training test to introduce them to the equip-
ment and help them relax.
In a subset of 16 MZ twin pairs, MRI scans were ac-
quired using the same 1.5-tesla Signa HDx MR scanner
(GE Medical Systems, Milwaukee, Wisconsin, USA), full
details of which have been previously published [24]. In
the current study, our region of interest was the medial
temporal lobe incorporating the hippocampus and para-
hippocampus, identified using a mask from the Auto-
mated Anatomical Labelling library. Associations
between brain structure and cognitive function have pre-
viously been reported in this cohort [24].
Assessment of flavonoid intakes
Participants completed a 131-item FFQ [27]. Flavonoid
values were assigned to each of the foods listed in the
FFQ, and for recipes, a value for each ingredient in the
dishes was assigned using data from the US Department
of Agriculture (USDA) as the primary data source [28,
29] or phenol explorer (www.phenol-explorer.eu) where
data were not available to ensure that all available high-
quality data on flavonoid values were included. As FFQs
are designed to rank participants rather than provide
quantitative estimates, intakes were categorised into ter-
tiles for all analyses.
Intakes were derived for the main subclasses of flavo-
noids habitually consumed as mg/d: flavanones (eriodic-
tyol, hesperetin and naringenin), anthocyanins (cyanidin,
delphinidin, malvidin, pelargonidin, petunidin and peo-
nidin), flavan-3-ols (catechins and epicatachins), flavo-
nols (quercetin, kaempferol, myricetin and isohamnetin),
flavones (luteolin and apigenin), polymeric flavonoids
(including proanthocyanidins (excluding monomers),
theaflavins and thearubigins) and proanthocyanidins (di-
mers, trimers, 4–6 mers, 7–10 mers, polymers and
monomers). Total flavonoid intakes were derived by the
addition of the six component subclasses (excluding the
separate proanthocyanidins class). Intakes of isoflavo-
noes were not calculated due to the low consumption of
isoflavone-containing foods in the UK population [30].
We have previously reported the main food sources of
the main subclasses of flavonoids in this cohort [31]. In
analysis of the FFQ, we applied a correction to the fol-
lowing fruits: peaches, plums, apricots and berries, to ac-
count for consumption during the summer season by
dividing portion sizes by three.
Assessment of covariates
Information on education, occupation, smoking, supple-
ment use and menopausal status was obtained by a stan-
dardised nurse-administered questionnaire. Education
level was self-reported as the highest academic credential
received and grouped into four categories. The estimated
years of education for these four categories are (1) no
qualifications (10 years); (2) O-Level, GCSE, NVQ2/
SVQ2, or Scottish Intermediate (12 years); (3) Scottish
Higher, NVQ3, city and guilds, Pitman, A Level, Scottish
Advanced Higher, or Higher Vocational training (14
years); and (4) University degree, Postgraduate degree,
NVQ5, or SVQ5 (17 years) [32]. Physical activity was
classified as inactive, moderate and active during work,
home and leisure time using a questionnaire strongly
correlated in this cohort with more in-depth assessment
recording how much time subjects spent in moderate
and vigorous non–weight-bearing and weight-bearing
activity, on average per week [33]. Intakes of energy and
other nutrients were determined from the FFQ previ-
ously described using values from the UK national food
composition tables [34]. Height was measured to the
nearest 0.5 cm with the use of a wall-mounted stadi-
ometer, weight (light clothing only) was measured to the
nearest 0.1 kg with digital scales, and body mass index
was calculated (kg/m2). Verbal IQ score was predicted
from the number of errors made on the National Adult
Reading Test (NART) using the equation (129.0−(0.919
* NART errors). Zygosity was ascertained by question-
naire and confirmed via subsequent genotyping as part
of genome-wide association studies (PE Applied Biosys-
tems, Foster City, California).
Statistical analysis
First, in longitudinal analysis, we calculated a 10-year
change in age-related change (ARC) score and examined
associations with tertiles of a 10-year change in intake of
flavonoid subclasses. The change was calculated by sub-
tracting baseline intakes from follow-up values so
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positive values indicated higher intakes at follow-up in
comparison to baseline. The CANTAB tests chosen for
inclusion in the ARC score examined memory and pro-
cessing speed as these cognitive domains are known to
be sensitive to ageing; pattern recognition memory
(PRM, mean latency of a correct response over 24 trials),
DMS (mean correct latency over 40 trials), PAL (number
of errors made), spatial span (longest sequence remem-
bered correctly), spatial working memory (number of
‘between’ errors made), SRT (mean of 8 correct trials)
and five-choice reaction time (RTI, mean of 8 correct
trials). Exploratory factor analysis of a 10-year change in
the seven scores was conducted using a latent difference
approach, adjusting for baseline cognitive performance
by fitting the baseline test result as a linear covariate.
This measure indicated a 10-year change in score as-
suming all individuals started at the same baseline per-
formance. It is mathematically the same as fitting the
baseline as a covariate with the follow-up measurement
as the outcome variable. The first extracted factor, which
explained 25% of the variance and was strongly associ-
ated with age (standardised beta −0.066, p < 0.001), was
considered the ARC score [25]. Factor loadings showed
that the greatest loadings for the ARC score were tests
with a speed component (PRM (0.60), RTI (0.59) and
DMS (0.58)) [25]. A positive change in the score indi-
cated an improvement in cognition over 10 years. In
sensitivity analyses, we examined these longitudinal re-
sults with the change in fruit and vegetable intake, base-
line systolic blood pressure and change in caffeine intake
added to the models, in addition to the covariates listed
below.
Second, in cross-sectional analysis, participants were
ranked into tertiles of intake for flavonoid subclasses
and we examined associations with test scores assessing
cognitive domains known to be sensitive to changes in
flavonoid intake (PAL, DMS, IED, SRT). We chose not
to include all the cognitive domains incorporated in our
primary longitudinal analysis into the cross-sectional
analysis in order to reduce multiple testing.
In both the longitudinal and cross-sectional analyses,
we used all participants and treated twins as individuals
(individual-level analysis). The effect of this clustered
sample design on the standard errors was accounted for
by calculating robust standard errors. Associations with
cognition variables were assessed with the use of
ANCOVA for both intakes of flavonoid subclasses. All
models were adjusted for age (years), BMI (kg/m2),
current smoking (yes or no), physical activity (active,
moderately active, inactive), post-menopausal status (yes
or no), vitamin supplement use (yes or no), occupation
(professional, intermediate, skilled non-manual, skilled
manual, partly skilled or unskilled), a highest education
level (no qualifications; O-Level, GCSE, NVQ2/SVQ2, or
Scottish Intermediate; Scottish Higher, NVQ3, city and
guilds, Pitman, A Level, Scottish Advanced Higher, or
higher vocational training; university degree, postgradu-
ate degree, NVQ5, or SVQ5), verbal IQ score (NART
score), presence of learning disabilities, depression or
neurological conditions (yes or no), and intakes of en-
ergy (kcal/d, in tertiles), alcohol (g/d, in tertiles) and fat
(g/d, in tertiles). In the longitudinal analyses, models
were adjusted for a 10-year change in the covariates. We
performed multiple imputations of missing covariate
data using multivariate imputation by chained equations
with 15 imputations (equal to the maximum percentage
of incomplete cases). The imputation model included all
variables from the analysis models. We checked for ef-
fect modification by including interaction terms for age
group (<40 years, 40–59 years and ≥ 60 years) and fla-
vonoid intake in the models.
Thirdly, taking the statistical approach widely used in
matched case-control studies, we examined monozygotic
twin pairs who were discordant for baseline intakes of
the different flavonoid subclasses that were significantly
associated with cognition in the previous analyses. Dis-
cordance was defined as a within-pair difference in in-
take of >1 SD. We assigned each twin within a
discordant pair to higher or lower baseline intake for
each subclass, and with the use of paired-sample t tests
examined whether cognitive variables differed between
the twin with higher intake and that of the co-twin with
lower intake. We determined differences between the
higher and lower intake twins for all the covariates in-
cluded in the main analyses with the use of paired sam-
ple t tests or McNemar chi-squared test.
In a further co-twin analysis in sub-set analysis of 32
monozygotic twins with baseline dietary data and MRI-
neuroimaging data after 12 years, we compared volumes
of the hippocampus and parahippocampus between the
higher and lower intake twin within each pair (n = 16)
after adjustment for a limited set of covariates: age
(years) and highest education level category using
ANCOVA.
P <0.05 was considered statistically significant for all
these hypothesis-driven exploratory analyses. Statistical
analyses were performed with Stata statistical software
(version 16; StataCorp LP), and syntax is available on re-
quest to the authors.
Results
Characteristics and dietary intakes of the 1126 female
participants, aged 18–89 years, are shown in Table 1;
48% of subjects (n = 542) were monozygotic twins. The
mean total flavonoid intake was 1.1 g/d (SD 0.6), and in
the longitudinal dataset mean, a 10-year change was
−30.6 mg/d (SD 472). Of the participants in the longitu-
dinal dataset (n = 224), 70% were aged 40–59 and 30%
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aged over 60 years at baseline (data not shown). The
participant characteristics according to tertile of baseline
flavonoid subclass intakes and change in flavonoid in-
takes are presented in Supplemental Tables 1 and 2, re-
spectively. In comparison to all recruited participants (n
= 5772), the current sample was older (56.5 years vs 49.7
years, p<0.01) and contained more monozygotic twins
(48% vs 41%, p<0.01). There were no significant
differences in BMI between the groups (25.3 kg/m2 vs
25.4 kg/m2, p = 0.83).
Longitudinal analysis: a 10-year change in intake of
flavonoid subclasses and a 10-year change in age-related
cognition score
In the longitudinal dataset, the greatest increase in habit-
ual intakes of flavanones (T3-T1 0.45, 95% CI 0.13, 0.77;
Table 1 Characteristics and dietary intakes of the whole sample of female twins (n = 1126) and the longitudinal subset (n = 224) at
baseline and over 10 years
Characteristic Whole sample Longitudinal subset
n= Value n= Value
Age, years 1126 56.5 (12.9) 224 54.9 (7.7)
Monozygotic, yes, % (n) 1126 48.1 (542) 224 34.8 (78)
BMI, kg/m2 1126 25.3 (4.5) 224 25.3 (4.2)
Current smoker, yes, % (n) 1121 8.1 (91) 224 10.3 (23)
Physically active, yes, % (n) 1119 25.7 (288) 224 25.9 (58)
Post-menopausal, yes, % (n) 1126 71.4 (804) 224 61.2 (137)
Highest education, no qualifications, % (n) 1126 11.6 (131) 224 18.8 (42)
Occupation, professional, % (n) 956 37.2 (356) 224 46.4 (104)
NART, verbal IQ score 1104 116 (7.2) 222 115 (7.1)
Total flavonoids, mg/day 1126 1107 (621) 224 1195 (591)
Flavanones, mg/day 1126 29.1 (31.5) 224 34.6 (30.3)
Anthocyanins, mg/day 1126 21.0 (17.7) 224 21.4 (17.1)
Flavan-3-ols, mg/day 1126 244 (179) 224 233 (132)
Flavonols, mg/day 1126 44.4 (20.5) 224 47.6 (19.3)
Flavones, mg/day 1126 2.2 (1.5) 224 2.3 (1.4)
Polymers, mg/day 1126 766 (458) 224 856 (439)
Proanthocyanidins, mg/day 1126 255 (122) 224 286 (116)
Total flavonoids, a 10-year change – – 224 −30.6 (472)
Flavanones, a 10-year change – – 224 −3.1 (36.7)
Anthocyanins, a 10-year change – – 224 4.1 (21.3)
Flavan-3-ols, a 10-year change – – 224 17.7 (137)
Flavonols, a 10-year change – – 224 −0.9 (16.0)
Flavones, a 10-year change – – 224 0.2 (1.7)
Polymers, a 10-year change – – 224 −48.8 (337)
Proanthocyanidins, a 10-year change – – 224 −0.2 (139)
Alcohol, g/day 1126 8.9 (12.3) 224 10.2 (12.4)
Fat, g/day 1126 66.7 (24.9) 224 67.9 (22.5)
Energy, kcal/day 1126 1875 (547) 224 1974 (470)
Vitamin supplement use, yes, % (n) 1092 54.0 (590) 209 64.6 (135)
Paired-associate learning, stages 1126 7.7 (0.67) – –
Delayed matching to sample, number correct 541 19.5 (6.1) – –
Simple reaction time, ms 649 351 (77.0) – –
Intra-extra dimensional set shift, stages 667 8.2 (1.5) – –
Age-related cognitive score, a 10-year change score – – 224 0.03 (0.93)
Values are mean (SD) or % (n) where indicated and refer to baseline unless a 10-year change is indicated
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p = 0.01) and anthocyanins (T3-T1 0.45, 95% CI 0.08,
0.81; p = 0.02) over 10 years was associated with signifi-
cantly greater improvement in ARC score (a positive
change in ARC score) when compared to the lowest
change in intake (Fig. 1 and Supplemental Table 3). We
did not observe any longitudinal change in cognition re-
lated to change in intakes of the other flavonoid
subclasses.
In sensitivity analysis for our primary analysis, we
examined the impact of adding additional covariates
to the multivariate model for change in ARC score.
The results were not markedly changed when add-
ing change in total fruit and vegetable intake (flava-
nones 0.42 (95% CI 0.06, 0.78; p = 0.02) and
anthocyanins 0.40 (95% CI 0.04, 0.77; p = 0.04)),
baseline systolic blood pressure (flavanones 0.45
(95% CI 0.13, 0.77; p = 0.01) and anthocyanins 0.45
(95% CI 0.08, 0.81; p = 0.04)) or change in caffeine
intake (flavanones 0.44 (95% CI 0.07, 0.81; p = 0.01)
and anthocyanins 0.44 (95% CI 0.07, 0.81; p = 0.03))
(data not shown).
Cross-sectional analysis: associations between intake of
flavonoid subclasses and scores for relevant cognitive
domains
In cross-sectional analysis, a higher intake of flavanones
(T3-T1 0.12, 95% CI 0.02, 0.21; p = 0.02, Table 2) and
proanthocyanidins (T3-T1 0.13, 95% CI 0.02, 0.24; p =
0.02) was associated with a greater number of PAL
stages completed. A higher intake of anthocyanins was
significantly associated with higher IED stages completed
(T3-T1 −0.52, 95% CI 0.19, 0.84; p = 0.001) and with fas-
ter simple reaction times (T3-T1 −18.1, 95% CI −35.4,
−0.7; p = 0.04). No associations were observed for the
other subclasses. For the significant associations ob-
served, there were no significant interactions between
age group and flavonoid subclass intake.
Fig. 1 A 10-year change in age-related cognitive score by tertiles of a 10-year change in flavonoid subclass intake. Values are adjusted means
(95% CI), n = 224. Means were adjusted for a 10-year change in age (years), BMI (kg/m2), current smoking (yes or no), physical activity (active,
moderately active, inactive), post-menopausal status (yes or no), vitamin supplement use (yes or no) and intakes of energy (kcal/d), alcohol (g/d)
and fat (g/d), occupation (professional, intermediate, skilled non-manual, skilled manual, partly skilled or unskilled), highest education level (no
qualifications; O-Level, GCSE, NVQ2/SVQ2 or Scottish Intermediate; Scottish Higher, NVQ3, city and guilds, Pitman, A Level, Scottish Advanced
Higher, or higher vocational training; university degree, postgraduate degree, NVQ5 or SVQ5), verbal IQ score (NART score) and the presence of
learning disabilities, depression or neurological conditions (yes or no). *P-trend <0.05, calculated using ANCOVA. A positive change in cognitive
score translates as an improvement over 10 years and a negative score is a decline
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Monozygotic co-twin analysis: comparison of a 10-year
change in cognitive scores in twin pairs discordant for
intake of flavonoid subclasses and medial temporal lobe
volumes
Intakes between discordant monozygotic twin pairs dif-
fered by 89.6 mg/d for flavanones, 26.1 mg/d for anthocya-
nins and 224 mg/d for proanthocyanidins. Within each
twin pair, the twin with higher intakes of anthocyanins (p<
0.01) and proanthocyanidins (p = 0.01) had improved reac-
tion times after 10 years (Fig. 2). There were no significant
differences between the discordant pairs for the covariates
(BMI, current smoking, physical activity, post-menopausal
status, vitamin supplement use, occupation, highest educa-
tion level, verbal IQ score, presence of learning disabilities,
Table 2 Measures of cognition by tertile of flavonoid subclass intake in 1126 females aged 18–89 years
Cognition variable n= Subclass, mg/
day
T1 T2 T3 P=
Mean (95% CI) Mean (95% CI) Mean (95% CI)
PAL, stages completed 1126 Total flavonoids 7.71 (7.62, 7.80) 7.74 (7.68, 7.81) 7.77 (7.71, 7.82) 0.22
Flavanones 7.69 (7.61, 7.76) 7.73 (7.67, 7.80) 7.80 (7.74, 7.87) 0.02
Anthocyanins 7.70 (7.62, 7.78) 7.78 (7.72, 7.84) 7.74 (7.66, 7.82) 0.44
Flavan-3-ols 7.70 (7.61, 7.78) 7.74 (7.67, 7.81) 7.79 (7.73, 7.84) 0.06
Flavonols 7.69 (7.61, 7.78) 7.76 (7.69, 7.83) 7.77 (7.71, 7.83) 0.12
Flavones 7.76 (7.69, 7.82) 7.72 (7.66, 7.78) 7.75 (7.66, 7.83) 0.81
Polymers 7.71 (7.62, 7.79) 7.74 (7.68, 7.81) 7.77 (7.71, 7.83) 0.21
Proanthocyanidins 7.65 (7.56, 7.74) 7.79 (7.74, 7.84) 7.78 (7.72, 7.85) 0.01
IED, stages completed 667 Total flavonoids 8.2 (8.0,8.5) 8.2 (8.0,8.4) 8.1 (7.9,8.3) 0.39
Flavanones 8.2 (8.0,8.4) 8.1 (7.9,8.3) 8.2 (8.0,8.4) 0.81
Anthocyanins 7.8 (7.6,8.1) 8.3 (8.1,8.5) 8.4 (8.2,8.5) <0.001
Flavan-3-ols 8.2 (8.0,8.4) 8.2 (8.0,8.4) 8.1 (7.9,8.3) 0.28
Flavonols 8.3 (8.0,8.5) 8.1 (7.8,8.3) 8.2 (8.0,8.4) 0.58
Flavones 8.1 (7.9,8.3) 8.2 (8.0,8.4) 8.2 (8.0,8.4) 0.46
Polymers 8.2 (8.0,8.4) 8.2 (8.0,8.4) 8.1 (7.9,8.3) 0.40
Proanthocyanidins 8.2 (8.0,8.4) 8.1 (7.9,8.3) 8.2 (8.0,8.4) 0.88
SRT, milliseconds 649 Total flavonoids 350 (339,360) 348 (338,359) 356 (346,365) 0.38
Flavanones 349 (337,361) 354 (342,365) 351 (341,361) 0.83
Anthocyanins 361 (349,373) 350 (341,360) 342 (332,353) 0.04
Flavan-3-ols 349 (339,359) 350 (339,360) 355 (345,365) 0.42
Flavonols 352 (341,363) 346 (336,357) 355 (346,365) 0.60
Flavones 361 (348,374) 349 (339,359) 344 (334,353) 0.05
Polymers 350 (340,360) 347 (336,357) 357 (347,367) 0.32
Proanthocyanidins 356 (343,368) 349 (339,359) 349 (339,358) 0.37
DMS, total correct 541 Total flavonoids 20.0 (18.9,21.0) 19.5 (18.4,20.5) 19.0 (18.1,19.9) 0.11
Flavanones 19.9 (18.8,21.0) 19.6 (18.7,20.5) 19.0 (18.1,19.9) 0.20
Anthocyanins 19.1 (18.2,20.0) 19.7 (18.7,20.7) 19.6 (18.5,20.7) 0.48
Flavan-3-ols 19.9 (18.9,20.9) 19.4 (18.4,20.3) 19.2 (18.2,20.1) 0.26
Flavonols 20.0 (18.9,21.0) 19.6 (18.6,20.5) 18.9 (18.0,19.8) 0.09
Flavones 19.7 (18.7,20.7) 19.6 (18.6,20.6) 19.1 (18.1,20.2) 0.45
Polymers 20.1 (19.0,21.1) 19.4 (18.4,20.4) 19.0 (18.1,19.9) 0.08
Proanthocyanidins 20.1 (19.0,21.2) 19.2 (18.2,20.1) 19.2 (18.3,20.1) 0.19
Values are adjusted means (95% CI), n =1126. Means were adjusted for age (years), BMI (kg/m2), current smoking (yes or no), physical activity (active, moderately
active, inactive), post-menopausal status (yes or no), vitamin supplement use (yes or no), occupation (professional, intermediate, skilled non-manual, skilled
manual, partly skilled or unskilled), highest education level (no qualifications; O-Level, GCSE, NVQ2/SVQ2 or Scottish Intermediate; Scottish Higher, NVQ3, city and
guilds, Pitman, A Level, Scottish Advanced Higher or higher vocational training; university degree, postgraduate degree, NVQ5 or SVQ5), verbal IQ score (NART
score), presence of learning disabilities, depression or neurological conditions (yes or no), and intakes of energy (kcal/d, in tertiles), alcohol (g/d, in tertiles) and fat
(g/d, in tertiles). P P-trend calculated using ANCOVA. DMS delayed matching to samples, IED intra-extra dimensional set shift, PAL paired-associate learning, SRT
simple reaction time
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depression or neurological conditions, and intakes of alco-
hol and fat), with the exception of energy intake where a
significant difference was observed in the twins discordant
for flavanone intake (451.3 kcal/d, p<0.01).
In sub-set analysis of 16 monozygotic twin pairs where
we had MRI data (mean age 52.4 years, SD 8.4), we found
baseline intakes of anthocyanins and proanthocyanidins to
be associated with hippocampal and parahippocampal
volumes after 12 years. Higher intakes of anthocyanins
were associated with higher left hippocampal (2.0% com-
paring the higher and lower intake twins, p = 0.01) and
parahippocampal volumes (2.3% comparing the higher
and lower intake twins, p = 0.03) and higher intakes of
proanthocyanidins were associated with higher left hippo-
campal volumes (2.0% comparing the higher and lower in-
take twins, p = 0.01, p = 0.02) (Table 3).
Fig. 2 A 10-year change in cognitive measures in monozygotic co-twins discordant for flavonoid subclass intake. Bars represent the mean and
error bars of the standard error of a 10-year change in ARC score (panel A) and a 10-year change in simple reaction time (panel B) in the high
(white bars) and low intake (black bars) twins. n = is the number of pairs included in each analysis. Discordance was defined as a within-pair
difference in intake ≥1 SD. *p values <0.05 calculated using paired sample t tests for comparison of twins with higher intake with twins with
lower intake. Measures of delayed matching to samples, intra-extra dimensional set shift and paired-associate learning were non-significant and
are not shown. In the ARC analysis, two twin pairs were discordant for all three subclasses; two twin pairs were discordant for anthocyanins and
flavanones, three twin pairs were discordant for anthocyanins and proanthocyanidins and one twin pair was discordant for proanthocyanidins
and flavanones
Table 3 Regional brain volumes stratified by high and low flavonoid subclass intake in 32 female twins aged 42–69 years
Brain regions Subclass, mg/
day
Low intake twins (n=16) High intake twins (n=16) P=
Mean (95% CI) Mean (95% CI)
Left hippocampus standardised volumes Flavanones 0.432 (0.421,0.443) 0.433 (0.418,0.447) 0.87
Anthocyanins 0.428 (0.417,0.440) 0.437 (0.423,0.450) 0.01
Proanthocyanidins 0.428 (0.416,0.440) 0.437 (0.424,0.450) 0.02
Right hippocampus standardised volumes Flavanones 0.407 (0.395,0.419) 0.408 (0.395,0.422) 0.76
Anthocyanins 0.408 (0.394,0.421) 0.408 (0.396,0.420) 0.90
Proanthocyanidins 0.404 (0.391,0.418) 0.411 (0.400,0.422) 0.06
Left para-hippocampus standardised volumes Flavanones 0.434 (0.424,0.443) 0.429 (0.417,0.441) 0.33
Anthocyanins 0.426 (0.417,0.436) 0.436 (0.425,0.447) 0.03
Proanthocyanidins 0.428 (0.418,0.438) 0.435 (0.423,0.446) 0.18
Right para-hippocampus standardised volumes Flavanones 0.470 (0.458,0.481) 0.461 (0.448,0.474) 0.07
Anthocyanins 0.467 (0.453,0.480) 0.464 (0.453,0.475) 0.61
Proanthocyanidins 0.466 (0.454,0.478) 0.464 (0.451,0.477) 0.72
Values are adjusted means (95% CI), n = 32. Means were adjusted for age (years) and highest education level (no qualifications; O-Level, GCSE, NVQ2/SVQ2, or
Scottish Intermediate; Scottish Higher, NVQ3, city and guilds, Pitman, A Level, Scottish Advanced Higher or higher vocational training; university degree,
postgraduate degree, NVQ5 or SVQ5). Volumes are standardised for intracranial volume and brain folding during processing
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Discussion
To our knowledge, this is the first study to integrate
longitudinal, cross-sectional, co-twin and mechanistic
data to examine the associations between habitual in-
take of flavonoid sub-classes and cognition. Higher
habitual intakes of anthocyanins, flavanones and
proanthocyanidins were associated with improvements
in measures of cognition and larger brain volumes
across the three sets of data analyses (longitudinal,
cross-sectional and co-twin) with particular evidence
for speed of processing and episodic memory but not
other memory domains. Specifically, these novel data
suggest that small increases in intakes of flavanones
(64.9 mg/day, SE 4.2) and anthocyanins (37.4 mg/day,
SE 2.5) were associated with an improvement in ARC
score over 10 years. The change in ARC score was
3.9 and 3.5 times greater in the highest consumers of
flavanones and anthocyanins compared to the lowest
consumers, respectively, and equivalent to approxi-
mately 4 years of ageing (calculated by dividing the β
coefficients per quintile of flavanone and anthocyanin
intake (0.22 and 0.21, respectively) by the coefficient
per year of age (−0.05 for both sub-classes). These re-
sults related to a mean difference in intake of 64.9
mg/d of flavanones, equivalent to around 2 medium
oranges (342 g/day) and 37.4 mg/day anthocyanins
(0.2 cup/d blueberries (23 g/day) or around 1 cup/day
of strawberries (138 g/day). Thereby providing evi-
dence that effects on cognition can be obtained by
achievable and simple dietary changes to the habitual
diet.
It was a particular strength of these analyses that
flavonoid subclass intakes were still predictive within
twin pairs and suggest that small changes in habitual
intake of flavonoid-rich foods have the potential to
attenuate cognitive ageing. The results of our primary
analyses were not markedly changed after the addition
of total fruit and vegetable intake to the models sug-
gesting that the observed effects were independent of
change in overall intakes of fruit and vegetables and
specific to change in particular flavonoid-rich foods,
adding further weight to the potential importance of
dietary flavonoids.
Our cross-sectional analysis suggested that higher in-
takes of anthocyanins were significantly associated with
improved measures of executive function and psycho-
motor function and proanthocyanidins with episodic
memory. These findings support those of a short-term
(90 days) randomised controlled trial where daily intake
of blueberries (equivalent to 19.2 mg/day anthocyanins)
improved episodic memory and executive function test
scores [35]. They also corroborate findings from a 6-
month intervention in 122 older adults with a wild blue-
berry extract (containing 14 mg/day total anthocyanins)
which was found to facilitate better episodic memory
performance and improve cardiovascular function, but
not executive function [36]. In our cross-sectional ana-
lyses, the difference in anthocyanin intake associated
with our findings was 31.7 mg/d (SE 0.86) equivalent to
19 g blueberries (< 1/2 cup) [37], supporting results
from these RCTs that intake of anthocyanins and can
improve cognitive function even at relatively low habit-
ual intakes.
It is well established that flavonoid sub-classes, espe-
cially anthocyanins, are associated with improved car-
diovascular function, including evidence from this
cohort where the higher intake of anthocyanins was as-
sociated with lower central blood pressure and arterial
stiffness [31]. In sensitivity analyses, we added systolic
blood pressure as a covariate to our analysis and found
no material change to the results. We also showed in
subset analyses that intakes of anthocyanins and
proanthocyanidins were associated with increased hip-
pocampal volumes. This suggests the mechanisms
underlying the beneficial effects of dietary flavonoids
on cognitive health are not exclusively vascular-related
and brain-specific mechanisms are also relevant. This is
supported by evidence from animal studies showing
that anthocyanin and proanthocyanidin metabolites can
pass the blood-brain barrier [7]. Anthocyanin metabo-
lites were found in the hippocampus and cortex, brain
regions known to be important for learning and mem-
ory, of rats fed a blueberry supplemented diet for 10
weeks, whilst no metabolites were detected in control-
diet fed rats [19]. Interventions with grape seed extracts
and grape juice, rich in anthocyanins and proanthocya-
nidins, were found to reduce amyloid content and
plaque burden in Alzheimer’s disease transgenic mice
compared to control; furthermore, polyphenol metabo-
lites from the grape seed extracts and grape juice inter-
ventions significantly improved acute oligomeric
amyloid-β peptide-induced long-term potentiation defi-
cits in hippocampal slices, one of the major cellular
mechanisms underlying synaptic plasticity [38].
In our MRI sub-study, we found greater left hippo-
campus volumes associated with higher intakes of antho-
cyanins and proanthocyanidins. Previous studies have
shown diet-hippocampus volume associations are stron-
ger in the left than in the right hippocampus [39]. The
human hippocampus is key in the formation of episodic
memory, with the left hippocampus predominantly asso-
ciated with the storage of verbal and narrative memory
[40]. This corroborates our findings of an association be-
tween anthocyanin and proanthocyanidin intakes and
visuospatial episodic memory, measured using the PAL
test. As the deterioration of the hippocampus leads to
memory impairment, and increased permeability of the
blood-brain barrier is often most pronounced in the
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hippocampus [41], low-cost, accessible preventions and
treatments for reducing hippocampal tissue loss are
therefore a public health priority. This study adds evi-
dence to support the role of dietary intervention with
anthocyanins and proanthocyanidins as a means to im-
prove cognitive health.
Strengths of the current study include the integra-
tion of longitudinal, cross-sectional and co-twin data
which increases the robustness of our findings and re-
duces confounding and reverse causation, the large
sample of well-characterised participants, the meas-
urement of all major flavonoid sub-classes and the re-
peated measures of diet and cognition over 10 years.
Change-on-change analysis allowed us to control for
within-person variation and present less biassed asso-
ciations and our use of a co-twin case-control model
allowed us to examine associations independently of
genetic confounding [42, 43]. The FFQ used in the
current study captured the main sources of flavonoids
present in the habitual diet has been shown to reflect
habitual dietary intake and has the ability to rank par-
ticipants according to intake of flavonoid-rich foods
[44]. Furthermore, self-reported fruit and vegetable in-
takes correlate well with urinary flavonoid concentra-
tions [45]. There is however a likely underestimation
of real flavonoid intake due to omission of food items
in the FFQ, unknown food composition data and vari-
ability in the flavonoid content of foods due to geo-
graphical origin, season and processing methods. We
partly overcame these limitations by ranking partici-
pants according to intake rather than relying on abso-
lute intake and applying a correction factor to
seasonal fruits and vegetables. Further limitations in-
clude the relatively small sample size and the use of
cross-sectional analyses for some of these results,
which meant we are unable to infer causation from
these particular findings. Due to the novel and ex-
ploratory nature of the analyses, a number of
hypothesis-driven comparisons were made and mul-
tiple testing was not accounted for. Furthermore, re-
sidual confounding is possible despite our detailed
adjustment for a range of dietary and lifestyle covari-
ates. Finally, previous research has reported differ-
ences in flavonoid intake between males and females
[46], and as our cohort consisted only of females, we
cannot extrapolate our results to males.
Conclusions
In conclusion, our longitudinal data in female twins
suggest that several flavonoids, specifically the flava-
none and anthocyanin sub-classes attenuate cognitive
ageing and further co-twin analyses demonstrated as-
sociations independently of shared genetic and com-
mon environmental factors. These findings were
independent of total fruit and vegetable intake and
found with dietary achievable intakes, making them
relevant for public health recommendations to im-
prove cognition. Our results, particularly those for
hippocampal volume, need to be confirmed in larger
studies and randomised controlled trials that include
both males and females.
Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12916-021-02057-7.
Additional file 1: Table S1. Baseline characteristics by tertile of
flavonoid subclass intake in 1126 females. Table S2. Baseline
characteristics by tertile of 10-year change in flavonoid subclass intake in
224 females. Table S3. 10-year change in age-related cognitive score by
tertiles of 10-year change in flavonoid subclass intake. Figure S1. Partici-
pant flow chart.
Acknowledgements
This manuscript is dedicated to Dr. Narelle Berry who had been driving this
research work prior to her untimely death on July 24, 2019.
Authors’ contributions
CS and AC study concept. CS, AMacG and TS established and coordinated
the collection of all the data. CS processed the cognitive and imaging data
to produce the variables of interest. AJ, CS and AC designed the study. AJ
performed the statistical analysis. AJ and AC wrote the paper. The authors
read and approved the final manuscript. AC has the primary responsibility for
the final content. The authors read and approved the final manuscript.
Funding
TwinsUK is funded by the Wellcome Trust (FP7/2007-2013), Medical Research
Council, European Union, The CDRF, The Denise Coates Foundation, the
National Institute for Health Research (NIHR)-funded BioResource, Clinical
Research Facility and Biomedical Research Centre based at Guy’s and St
Thomas’ NHS Foundation Trust in partnership with King’s College London.
CS was funded by a Wellcome Clinical Research Fellowship (WT086904MA).
Availability of data and materials
The datasets used and analysed during the current study are available from
the corresponding author on reasonable request.
Declarations
Ethics approval and consent to participate
The study was approved by the St. Thomas’ Hospital Research Ethics




AC has received funding from the US Highbush Blueberry Council (USHBC)
with oversight from the USDA and the Biotechnology and Biological
Sciences Research Council (BBSRC) to conduct clinical trials on anthocyanins,
and AC acts as an advisor to the USHBC grant committee.
Author details
1Institute for Global Food Security, Queen’s University Belfast, Belfast,
Northern Ireland. 2Department of Twin Research & Genetic Epidemiology,
King’s College London, St Thomas’ Campus, London, UK. 3Norwich Medical
School, University of East Anglia, Norwich, UK.
Jennings et al. BMC Medicine          (2021) 19:185 Page 10 of 12
Received: 19 April 2021 Accepted: 8 July 2021
References
1. Devore EE, Kang JH, Breteler MM, Grodstein F. Dietary intakes of berries and
flavonoids in relation to cognitive decline. Ann Neurol. 2012;72(1):135–43.
https://doi.org/10.1002/ana.23594.
2. Letenneur L, Proust-Lima C, Le Gouge A, Dartigues JF, Barberger-Gateau P.
Flavonoid intake and cognitive decline over a 10-year period. Am J
Epidemiol. 2007;165(12):1364–71. https://doi.org/10.1093/aje/kwm036.
3. Kent K, Roodenrys S, Charlton K, Richards R, Morgan O, Gilbert H. Dietary
flavonoid intake and cognitive performance in older adults with Alzheimer’s
type dementia. J Aging Res Clin Pract. 2016;5(2):93–7.
4. Goni L, Fernández-Matarrubia M, Romanos-Nanclares A, Razquin C, Ruiz-
Canela M, Martínez-González MÁ, et al. Polyphenol intake and cognitive
decline in the Seguimiento Universidad de Navarra (SUN) Project. Brit J
Nutr. 2021;126(1):43–52. https://doi.org/10.1017/S000711452000392X.
5. Shishtar E, Rogers GT, Blumberg JB, Au R, Jacques PF. Long-term dietary
flavonoid intake and risk of Alzheimer disease and related dementias in the
Framingham Offspring Cohort. Am J Clin Nutr. 2020;112(2):343–53.
6. Godos J, Caraci F, Castellano S, Currenti W, Galvano F, Ferri R, et al.
Association between dietary flavonoids intake and cognitive function in an
italian cohort. Biomolecules. 2020;10(9):1300. https://doi.org/10.3390/biom1
0091300.
7. Spencer JP. The impact of fruit flavonoids on memory and cognition. Br J
Nutr. 2010;104(Suppl 3):S40–7. https://doi.org/10.1017/S0007114510003934.
8. Spencer JP, Vauzour D, Rendeiro C. Flavonoids and cognition: the molecular
mechanisms underlying their behavioural effects. Arch Biochem Biophys.
2009;492(1-2):1–9. https://doi.org/10.1016/j.abb.2009.10.003.
9. Marques C, Fernandes I, Meireles M, Faria A, Spencer JPE, Mateus N,
et al. Gut microbiota modulation accounts for the neuroprotective
properties of anthocyanins. Sci Rep. 2018;8(1):11341. https://doi.org/10.1
038/s41598-018-29744-5.
10. Williams CM, El Mohsen MA, Vauzour D, Rendeiro C, Butler LT, Ellis JA, et al.
Blueberry-induced changes in spatial working memory correlate with
changes in hippocampal CREB phosphorylation and brain-derived
neurotrophic factor (BDNF) levels. Free Radic Biol Med. 2008;45(3):295–305.
https://doi.org/10.1016/j.freeradbiomed.2008.04.008.
11. Lamport DJ, Pal D, Moutsiana C, Field DT, Williams CM, Spencer JP, et al.
The effect of flavanol-rich cocoa on cerebral perfusion in healthy older
adults during conscious resting state: a placebo controlled, crossover, acute
trial. Psychopharmacology. 2015;232(17):3227–34. https://doi.org/10.1007/
s00213-015-3972-4.
12. Bowtell JL, Aboo-Bakkar Z, Conway ME, Adlam AR, Fulford J. Enhanced task-
related brain activation and resting perfusion in healthy older adults after
chronic blueberry supplementation. Appl Physiol Nutr Metab. 2017;42(7):
773–9.
13. Lamport DJ, Pal D, Macready AL, Barbosa-Boucas S, Fletcher JM, Williams
CM, et al. The effects of flavanone-rich citrus juice on cognitive function
and cerebral blood flow: an acute, randomised, placebo-controlled cross-
over trial in healthy, young adults. Br J Nutr. 2016;116(12):2160–8. https://
doi.org/10.1017/S000711451600430X.
14. Hein S, Whyte AR, Wood E, Rodriguez-Mateos A, Williams CM. Systematic
review of the effects of blueberry on cognitive performance as we age. J
Gerontol A Biol Sci Med Sci. 2019;74(7):984–95. https://doi.org/10.1093/
gerona/glz082.
15. Philip P, Sagaspe P, Taillard J, Mandon C, Constans J, Pourtau L, et al. Acute
intake of a grape and blueberry polyphenol-rich extract ameliorates
cognitive performance in healthy young adults during a sustained cognitive
effort. Antioxidants (Basel). 2019;8(12):650.
16. Field DT, Williams CM, Butler LT. Consumption of cocoa flavanols results in
an acute improvement in visual and cognitive functions. Physiol Behav.
2011;103(3-4):255–60. https://doi.org/10.1016/j.physbeh.2011.02.013.
17. Kean RJ, Lamport DJ, Dodd GF, Freeman JE, Williams CM, Ellis JA, et al.
Chronic consumption of flavanone-rich orange juice is associated with
cognitive benefits: an 8-wk, randomized, double-blind, placebo-controlled
trial in healthy older adults. Am J Clin Nutr. 2015;101(3):506–14. https://doi.
org/10.3945/ajcn.114.088518.
18. Brickman AM, Khan UA, Provenzano FA, Yeung LK, Suzuki W, Schroeter H,
et al. Enhancing dentate gyrus function with dietary flavanols improves
cognition in older adults. Nat Neurosci. 2014;17(12):1798–803. https://doi.
org/10.1038/nn.3850.
19. Andres-Lacueva C, Shukitt-Hale B, Galli RL, Jauregui O, Lamuela-Raventos
RM, Joseph JA. Anthocyanins in aged blueberry-fed rats are found centrally
and may enhance memory. Nutr Neurosci. 2005;8(2):111–20. https://doi.
org/10.1080/10284150500078117.
20. Khan MS, Ali T, Kim MW, Jo MH, Chung JI, Kim MO. Anthocyanins improve
hippocampus-dependent memory function and prevent neurodegeneration
via JNK/Akt/GSK3beta signaling in LPS-treated adult mice. Mol Neurobiol.
2019;56(1):671–87. https://doi.org/10.1007/s12035-018-1101-1.
21. Spector TD, MacGregor AJ. The St. Thomas’ UK Adult Twin Registry. Twin
Res. 2002;5(5):440–3. https://doi.org/10.1375/136905202320906246.
22. Andrew T, Hart DJ, Snieder H, de Lange M, Spector TD, MacGregor AJ. Are
twins and singletons comparable? A study of disease-related and lifestyle
characteristics in adult women. Twin Res. 2001;4(6):464–77. https://doi.org/1
0.1375/twin.4.6.464.
23. Teucher B, Skinner J, Skidmore PM, Cassidy A, Fairweather-Tait SJ, Hooper L,
et al. Dietary patterns and heritability of food choice in a UK female twin
cohort. Twin Res Hum Genet. 2007;10(5):734–48.
24. Steves CJ, Mehta MM, Jackson SH, Spector TD. Kicking back cognitive
ageing: leg power predicts cognitive ageing after ten years in older
female twins. Gerontology. 2016;62(2):138–49. https://doi.org/10.1159/
000441029.
25. Steves CJ, Jackson SH, Spector TD. Cognitive change in older women using
a computerised battery: a longitudinal quantitative genetic twin study.
Behav Genet. 2013;43(6):468–79. https://doi.org/10.1007/s10519-013-9612-z.
26. Robbins TW, James M, Owen AM, Sahakian BJ, McInnes L, Rabbitt P.
Cambridge Neuropsychological Test Automated Battery (CANTAB): a factor
analytic study of a large sample of normal elderly volunteers. Dementia.
1994;5(5):266–81. https://doi.org/10.1159/000106735.
27. McKeown NM, Day NE, Welch AA, Runswick SA, Luben RN, Mulligan AA,
et al. Use of biological markers to validate self-reported dietary intake in a
random sample of the European Prospective Investigation into Cancer
United Kingdom Norfolk cohort. Am J Clin Nutr. 2001;74(2):188–96. https://
doi.org/10.1093/ajcn/74.2.188.
28. US Department of Agriculture. USDA database for the flavonoid content of
selected foods: release 2.1. Washington DC: USDA; 2007.
29. US Department of Agriculture. USDA database for the proanthocyanidin
content of selected foods. Washington DC: USDA; 2004.
30. Mulligan AA, Welch AA, McTaggart AA, Bhaniani A, Bingham SA. Intakes and
sources of soya foods and isoflavones in a UK population cohort study
(EPIC-Norfolk). Eur J Clin Nutr. 2007;61(2):248–54. https://doi.org/10.1038/sj.
ejcn.1602509.
31. Jennings A, Welch AA, Fairweather-Tait SJ, Kay C, Minihane AM,
Chowienczyk P, et al. Higher anthocyanin intake is associated with lower
arterial stiffness and central blood pressure in women. Am J Clin Nutr. 2012;
96(4):781–8. https://doi.org/10.3945/ajcn.112.042036.
32. Bonjour D, Cherkas LF, Haskel JE, Hawkes DD, Spector TD. Returns to
education: evidence from U.K. Twins. Am Econ Rev. 2003;93(5):1799–812.
https://doi.org/10.1257/000282803322655554.
33. Cherkas LF, Hunkin JL, Kato BS, Richards JB, Gardner JP, Surdulescu GL, et al.
The association between physical activity in leisure time and leukocyte
telomere length. Arch Intern Med. 2008;168(2):154–8. https://doi.org/10.1
001/archinternmed.2007.39.
34. Food Standards Agency. McCance and Widdowsons’s the composition of
foods. 6th ed. Cambridge: Royal Society of Chemistry; 2002.
35. Miller MG, Hamilton DA, Joseph JA, Shukitt-Hale B. Dietary blueberry
improves cognition among older adults in a randomized, double-blind,
placebo-controlled trial. Eur J Nutr. 2018;57(3):1169–80. https://doi.org/10.1
007/s00394-017-1400-8.
36. Whyte AR, Cheng N, Fromentin E, Williams CM. A randomized, double-
blinded, placebo-controlled study to compare the safety and efficacy of low
dose enhanced wild blueberry powder and wild blueberry extract
(ThinkBlue) in maintenance of episodic and working memory in older
adults. Nutrients. 2018;10(6):660.
37. Bhagwat S, Haytowitz DB. USDA database for the flavonoid content of
selected foods: release 3.2. Washington DC: USDA; 2015.
38. Wang J, Bi W, Cheng A, Freire D, Vempati P, Zhao W, et al. Targeting
multiple pathogenic mechanisms with polyphenols for the treatment of
Alzheimer’s disease-experimental approach and therapeutic implications.
Front Aging Neurosci. 2014;6:42.
Jennings et al. BMC Medicine          (2021) 19:185 Page 11 of 12
39. Akbaraly T, Sexton C, Zsoldos E, Mahmood A, Filippini N, Kerleau C, et al.
Association of long-term diet quality with hippocampal volume:
longitudinal cohort study. Am J Med. 2018;131(11):1372–1381.e1374.
40. Burgess N, Maguire EA, O'Keefe J. The human hippocampus and spatial and
episodic memory. Neuron. 2002;35(4):625–41. https://doi.org/10.1016/S0896-
6273(02)00830-9.
41. Williamson LL, Bilbo SD. Chemokines and the hippocampus: a new
perspective on hippocampal plasticity and vulnerability. Brain Behav Immun.
2013;30:186–94. https://doi.org/10.1016/j.bbi.2013.01.077.
42. Madsen M, Osler M. Commentary: strengths and limitations of the
discordant twin-pair design in social epidemiology. Where do we go from
here? Int J Epidemiol. 2009;38(5):1322–3. https://doi.org/10.1093/ije/dyp264.
43. Smith JD, Hou T, Hu FB, Rimm EB, Spiegelman D, Willett WC, et al. A
comparison of different methods for evaluating diet, physical activity, and
long-term weight gain in 3 prospective cohort studies. J Nutr. 2015;145(11):
2527–34. https://doi.org/10.3945/jn.115.214171.
44. Bingham SA, Gill C, Welch A, Cassidy A, Runswick SA, Oakes S, et al.
Validation of dietary assessment methods in the UK arm of EPIC using
weighed records, and 24-hour urinary nitrogen and potassium and serum
vitamin C and carotenoids as biomarkers. Int J Epidemiol. 1997;26(Suppl 1):
S137–51. https://doi.org/10.1093/ije/26.suppl_1.S137.
45. Carlsen MH, Karlsen A, Lillegaard IT, Gran JM, Drevon CA, Blomhoff R, et al.
Relative validity of fruit and vegetable intake estimated from an FFQ, using
carotenoid and flavonoid biomarkers and the method of triads. Br J Nutr.
2011;105(10):1530–8. https://doi.org/10.1017/S0007114510005246.
46. Zamora-Ros R, Knaze V, Luján-Barroso L, Romieu I, Scalbert A, Slimani N,
et al. Differences in dietary intakes, food sources and determinants of total
flavonoids between Mediterranean and non-Mediterranean countries
participating in the European Prospective Investigation into Cancer and
Nutrition (EPIC) study. Br J Nutr. 2013;109(8):1498–507. https://doi.org/10.101
7/S0007114512003273.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Jennings et al. BMC Medicine          (2021) 19:185 Page 12 of 12
